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tics of sémicon the air which might react with the charge, as

.9__;::F_1e anpl i g ioda Pemeay

itv distribution and crystal structure of the contaminated by heater electrodes or other 70
2 E:r:itgo:éﬁggrtmgterial 1.tzrsed in their manu- materials ‘which would np.cessa}:nly come u;
facture. Most of the electrical c?aracftierex(s‘tlci c;ontactsw:th the charge in other types o
i devices are therefore fixed a urnaces. )
?lfet};teagfzznl(f’f]eg\anufacture in which the ingot By far the greatest problem in tge crystal 5
is formed, and, for best electrical characteris-  growing process described above is i e precise 7
30 tics, the ingot must be a single crystal struc- control of the temperature. The me mllg E.Ol;)lf
ture which is entirely free of impurities and  of semiconductor materials is relixm;es g’ : olgc,
fattice defects except at the exact ponts where  germanium melts at .approxxmaé% y & . .
they arc desired. and silicon at approximately 14 . At cer-
One of the most widely used processes for tain times during the growing p;o;:‘ess 1} is 80
35 obtaining such a semiconductor crystal involves ‘ desirable to bring the templeraturlg ;‘f the molten
melting a quantity of extremely pure semi- ~ charge very near the meltmg-son i bymg .tfempé
conductor material in an inert atmosphere or crature. For this reason, it has been guhq
in a vacuum. A small piece of a crystal of the necgssary to control the temperatu(;g to W(l):] (;g 5
desired lattice structure, called a sced, is then 0.2° C. at fror_n approxnmzageg S;O to 1000
40 placed in contact with the melt. Through care- C. for gcrm%mum andOO.C . x_';).m approxi- .
ful control of the temperature of the melt and mately 1400° to 1600° C. for silicon. .
the speed of withdrawal of the seed, a crystal The usual type gf temperature fcfo’x,mol | or
of crystaliographic orientation identical to that an electric furnace is of the “on-off ™ cyc 125 %
of the seed may be developed betwcen the type in which the heating elements are tur;‘l
45 secd and the surface of the melt. By precision on ata certain minimum temperature and then

almost entirely by the impurity content, im-

control of slight changes in temperature and
[Price 3s.6d.]

well as preventing the charge from becoming

turned off at a certain maximum temperature.
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$econdary cdklis still anmhumbia&taf tRnretatinr einvantidnhlr chiobd o dig tlilﬁ&ﬂﬁd’l grid 114, and
dhus, the @prxempr@-fdetah@apsdgxmontg@}ng thp1 1voltage is dependent to some extent on the of
¥ temperature of the charge of an electric furnace  plate voltage {curve 1) applied to the tube in cycl
to within 0.2° C. at temperatures from that, as the plate voltage increases, the critical that
. 50 approximately 900° C. to approximately 1600° ~ grid voltage becomes more negative, 115 50 fire
C. Another ““ Thyratron ” characteristic is that, volt:
It is still another object of the present in-  after the tube fires, the grid no longer controls 3, a1
vention to provide a means for controlling, to - the amount of current flowing through the tube T
a high degree of accuracy, variations in the and the tube continues to conduct even after diag
55 firing time and duty-cycle of gas-filled, grid the grid voltage has fallen below the critical 120 55 men
controlled, thermionic emission devices in such grid voltage. Once the tube begins to conduct, pres:
a manner that their average power output-is the amount of current flow through the tube cont:
precisely controlled. depends only on the magnitude of the plate of il
Tt is a still further object of the present voltage and the tube continues to conduct until genc
60 invention to provide a means for accurately  the plate voltage drops to a value equal to the 125 60 by °
controlling the changes in temperature of a inherent voltage drop across the tube, approxi- descr
charge in an induction or other type of electric mately five to ten volts. Thus, it can be seen and -
furnace according to a predetermined program that the average d-c power output of a “Thyra- put ¢
of temperature changes. tron ” rectifier can be controlled by controlling Tt
65 The above objects together with other through grid voltage variations the time at 130 65 charg
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of phase Wkt a8R6dtime desigratell Sy i clves-dverd eing tigotsidtdnat oft ineelphas eays ki, fof - 85
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itfi am a Tren o work, ie. the:
ol if gp a1 mense e i mdlok g S OIS Y PRESPRbGE S ST 1 o
reyrtssr dé’ i?tﬁ@?grd Ome ﬁﬁ}ﬁ‘e RGN FondTS CT be[dohttlled and made to cancel exactly the
The grid voltage curve 4 illustrates how thermocouple emf at the desired temperature.
the same plate current control can be exercized Thereafter, any change in the thermocouple
by shifting the phase of the grid voltage. The voltage output due to a temperature change
100 35 voltage of curve 4 is of the same amplitude in the crucible will be indicated as a d-c error 100
as the voltage or curve 3, but it causes the voltage at the terminals 27 and 28 and its
“ Thyratron " to fire earlier in the plate volt-  polarity will depend on whether the tempera-
age cycle and to conduct more current during  ture change is an increase or a decrease. Since
the cycle because the voltage of curve 4 is it is much easier to detect changes of from
105 40 leading the voltage of curve 3 in phase and one to twenty microvolts from a zero potential 105
' 'so reaches the critical grid voltage 6 at an level than to detect a change of this same order
earlier time designated as point 10. Thus, by of magn-i_tude from a 10,000 microvolt level,
controlling either the phase or the amplitude the bucking voltage network allows accurate
of the grid voltage, the total amount of plate  detection of extremely small temperature
110 45 current flow during cach plate voltage cycle chang_es. i L 110
and therefore the average d-c power output ‘This d-c microvolt indication of temperature
of the tube over a number of plate voltage change is then fed through lines 29 and 30 to
cycles can be controlled. Tt is to be understood a_chopper circuit 31 of the non-rectifying
that a sharp spike of voltage such as 11 will vibrator type well-known in the art, (see
115 50 fire the tube just as well as the sine wave Radiotron Designer’s Handbook, Lanford- 115
voltages of the other grid voltage curves 2, Smith, Fourth Edition, 1953, at page 1203),
3, and 4. which has its vibration frequency controlled by
Turning now to Figure 2, a schematic- ‘the external excitation of its coil from an a-c
diagrammatic representation of one embodi- voltage. The chopper 31 is synchronized at the
120 55 ment of the temperature control circuit of the power line frequencx by the a-c voltage from 120
present invention is shown in which the furnace  the phase A power line 32 fed to the chopper
controlled is of the induction type for purposes  excitation coil 33 through line 34. The phase
of illustrating the circuit. A radio-frequency of the chopper output depends on the polarity
generator 12 whose input power is controlled  of the d-c signal fed into it and, therefore, the
125 60 by “ Thyratron” tubes 51, 52, and 53 as chopper output voltage will be an a-c voltage 125
: described above is used to heat the crucible 13  either in phase with the voltage of the chopper
! and charge (not shown) by means of the out- excitation coil 33 (phase A voltage) or 180°
; put coils 14. out of phase with the chopper excitation coil
" The temperature of the crucible and the voltage as determined by the polarity of the
130 65 charge is measured by means of a thermo- input signal. This a-c voltage is then fed from 130
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rotor coil gfTlom Sifhe CHBT Nt THOpoint G Sbdids sy e schsititg GRLAT M NEd 45 the m
referencg tapdipe I’pulse formmg nctwork 47 which pro- when the initial power phase shift network 43 110 For
duces a spike pulse of voltage at its output. is adjusted so that no error signal occurs at of the
This pulse lags the output pulse of the net- the terminals 27 and 28 when the tempera- has c
work 44 by exactly 120° of the mains cycle ture of the crucible 13 is at or near the mid- j_ additi
because of the phase shift introduced by thé point of the temperature range to be used in ¢ 50 meter
50 network 46, The second output of network 46  growing the crystal. These mid-point tempera- 115 bias s
on line 48 is used as the input signal for still tures arc approximately 960° C. for german- the v
another 120° constant phase shift network 49. jum and approximately 1420° for silicon. ; arrang
The single output signal from the network 49 To accomplish the sctting referred to above, Do grid 1
on line 120 when impressed on the input the control of the bucking voltage network is 55 the o
55 terminals of the pulse forming network 5O pro-  set to indicate the desired operating tempera- 120 The ¢
duces at the output terminals of the network ture on the control dial and the switch 124 is viding
50 a third spike pulse of voltage which lags opened to interrupt the error signal feedback The t
the pulsc from nctwork 44 by exactly 240° loop and prevent any automatic adjustment of amplif
and lags the pulse from the nctwork 47 by the initial power phase shift network 43 due to 60 grounc
60 120°. In this way there have been produced the error signal. With power now applied to 125 groun
three sharp pulses of voltage whose phase re-  the radio-frequency generator 12, the initial throug
lationship corresponds to the phase relation- power phase shift network 43 is manually 72, Tl
ship of the voltages of the three power lines adjusted until the error signal of the feed-back transfc
121, 122, and 123 supplying plate voltage to  loop is zero as indicated by the meter 125. At 65 the re:
65 the threc “ Thyratron ” tubes 51, 52, and 53. this point, the temperature of the crucible 13 130
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mecondenser itlthe hensinglf 2andr28toh Figuterdois fed tdae coil Bsaf tipf regctos i731ahdn the gesivionnd
asf ol | t &0 peeifchalarcing potentiometer-recorder de- 75 must be equal to the voltage drop across
ol | oler ] ng po d .
fier signated as 60 in Figure 3. Self-balancing the transformer coils 73 and 74, and the volt-
ter 30 potentiometer-recorders are devices well- age across the resistor 75 will always be 90° 95
her 95 + known in the electrical art. (See M. B. Stout, out of phase with the voltage actoss the re-
ro- Basic Electrical Measurements, New York: actor coil 78. These two voltages are then
:ral Prentice Hall, Inc., 1950, pages 174—178). represented by the vector 75', for the drop
ure Briefly, a self-balancing potentiometer-recorder  across the resistor 75, and 78' for the voltage
rith 35 is a type of instrument servo-mechanism where-  drop across the reactor coil 78. The voltage at 100
aitg 100 in the input signal unbalances a resistance the output terminal 58 will be the wvoltage
ase bridge network thereby creating an error signal-  between ground and the junction point of coil
' which will then drive a small motor coupled to 78 and the resistor 75 and is therefore repre-
ase the moving contact of a potentiometer forming sented by the vector 58' from the junction °
be 40 one element of the bridge circuit. When the point of the vector 73! and 74! (ground) and 105
the 105 error signal is produced, the sliding contdct is the junction of vectors 75' and 78'. Now, if
(ble moved along tﬁe potentiometer by the motor the reactance of coil 78 is reduced, the voltage
em until the bridge is again in balance. The posi- drop across this coil will become smaller as
int. tion of the potentiometer slider then indicates represented by the vector 78''. Since the sum
Urs ' 45 the magnitude and polarity of the input signali of the vector voltages across the coil 78 and 110
43 110 - For use in the present invention, the motor the resistor 75 must be equal to the sum of
at of the sclf-balancing potentiometer-recorder 60  the vector voltages across the coils 73 and 74,
‘ra- has coupled to it the slider contact 61 of an and since the voltage across the resistor 75
vid- additional potentiometer 62. The potentio- must be at 90° with the voltage across the coil
[ in 50 meter 62 is an clement of a variable d-c grid 78, the vector 75'* represents the voltage across 115
rra- 115 bias supply comprised of the battery 63 and the resistor 75. The vector 58! now represents
an- the variable resistors 64 and 65. By this the output voltage which has been changed in
arrangement, the sliding contact 61 provides a  phase. Thus, it can be seen that the magnitude
we, grid bias potential which is proportional to of the d-c current determines the phase of the
kis 55 the output voltage of the thermocouple 15. output voltage at terminal 58. 120
sra- 120 . The condenser 68 serves the purpose of pro- Because of the time lag introduced into the
4 is viding greater sensitivity to sudden changes. system by the self-balancing potentiometer-
rack The tube 66 is connected as an ordinary d-c  recorder when using the embodiment of Figure
t of amplifier with a resistor 69 from the grid to 3, an additional radio-frequency feed-back loop
e to 60 ground and a resistor 70 from the cathode to is provided to reduce any tendency of the 125
1to 125 .. ground. The plate is connected to B + voltage system to oscillate. This additional feed-back
itial through the d-c coil 71 of the saturable reactor circuit is shown -in Figure 3. The circuit
ally 72. The saturable reactor 72, together with the measures the actual radio frequency output of
ack transformer 77 secondary coils 73 and 74, and  the generator 12 and by its action limits the
. At 65 the resistor 75 forms a continuously variable radio-frequency power change to approximately 130
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0 ol I'i Ng kel H8rD9 network and then  plate voltage, the grid voltage on the tubes to
fed into 1he control system of Figure 3 at 112 and 113 will always be in phase with the ori
terminal 90. This feed-back system, because of plate of one of the tubes and 180° with the to :
the differentiation of its output signal, provides other, and only the tube in Whlch the grid ; exa
50 correction proportional to the rate of change of  voltage and plate voltage are in phase will 115 50 106
crucible temperaturc. This feed-back signal conduct current. The direction of displacement ope:
also tends to compensate for the time lag in-  of the slider 106 determines the phase of the 3 thus
troduced into the thermocouple feed-back loop  grid voltage to the tubes 112 and 113 and, ; 112
by the potentiometer-recorder 60. therefore, the direction of displacement of the ! curr
55 As stated before, it is often desirable to vary  slider 106 determines which of the tubes, 112 120 55 and
the temperature of the furnace according to a  or 113, conducts. roto
predetermined  program of temperature By refcmng to the diagram of Figure 5, it lon
changes. The programmmg device schematic-  can easily be seen that any current which ﬂom 1 zgg
ally iHlustrated in Figure 5 provides the means in the rotor coil 111 of the balance motor 128 sion:
60 for producing controlled temperature changes. must also flow through either the upper or 125 60 mgd
This programmer produces changes in the lower half of the transformer secondary coil In
crucible temperature in the follo'wmg manner. ‘114. Thus, the current of the rotor coil 111 tro] .
The two precision potentiometers 100 and must be of one of two phases each 180° in Fj
101 have impressed across their terminals an  different from the other and the phase of this poter
65 a-c voltage from the power lines 102 and 103  current depends on whether it is the upper or 130 65 feed-
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The pending on the construction of the potentlo— embodiments of the present invention have
d to 100 35 meters 21 and 101, When current flows in the been described using a radio-frequency induc- 100
114 rotor coil 111 as the result of a displacement tion furnace, specific phasing and feed-back
splies of the slider 106, the rotor shaft 129 turns and  circuitry and a specific method for introducing
s 100 _ thére is produced a change in the error signal a program of temperature changes; however,
wdary appearing at the terminals 29 and 30 in Figure many changes, alterations and substitutions still
h the 105 40 2 due to a movement of the slider 130 which within the scope of the present invention will 105
nated produces a change in the bucking voltage of be apparent to those skilled in the art. There-
res of the bucking voltage network of Figure 2, The fore, it is not intended that the present inven-
ut of rotor shaft 129 will continue to turn and the tion be limited to the spccnﬁc embodiment
s de- temperature error signal in the system will  illustrated herein but that it be limited only as
s the 110 45 continue to change until the slider 107 couplcd set forth in the apended claims. 110
tubes to the rotor shaft 129 is displaced from its ‘WHAT WECLAIM IS : —
h the original contact point on the potentiometer 101 1. A system for controlhng the temperature
h the to a contact point at which its potential is of an electric furnace in which the electrical
grid exactly the same as the potential of the slider power to said furnace is supplied through at
: will 115 50 106. At this point, no further signal is devel- least one grid controlled, gascous discharge 115
‘ment oped between the terminals 108 and 109, and  type device, comprised of means producing a
f the thus no grid voltage signal is fed to the tubes 'DC voltage indicative of furnace temperature,
and, 112 and 113. Without a grid voltage, no means for producing a‘DC error voltage which
of the current will pass through either of the tubes, varies in magnitude and polarity as a function
B 112120 55 and, consequently, no current will flow in the of the diffcrence between actual furnace temp- 120
rotor coil 111, Of course, when cutrent no eraturc and a predetermined reference temper-
L 5, it fonger flows in the rotor coil 111, the rotor ature, means for changing said DC error volt-
flows 129 no longer turns and the temperature error age to an AC voltage of phase and magnitude
r 128 signal of the temperature control system ceases controlled by said DC error voltage, means
er or 125 60 to change. including a ‘thermionic emission device for 125
y coil In the embodiment of the temperature con- deriving the vector sum of said AC voltage |
1111 trol system of the present invention illustrated  with an extrinsically supplied alternating volt-
180° in Figure 3 wherein a self-balancing recording  age to produce a sine wave signal with a phase
f this potentiometer 60 is used in' the error signal which reflects changes in furnace temperature,
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